Objective: Profound osteopenia is a serious complication of anorexia nervosa (AN). The aim of this work was to study the effect of prolonged AN on lumbar spine bone mineral density (BMD) and to determine whether oral estrogen administration prevents bone loss in women with this disorder. Subjects and Methods: Thirty-eight amenorrheic women with AN (mean age: 17.3 years) were treated with estrogen (50 mg of ethinyl estradiol) and gestagen (0.5 mg of norgestrel) during 1 year. Clinical variations, biochemical indices and BMD were studied at three different time points, including after a period of amenorrhea of at least 12 months ðn ¼ 38Þ, after the administration of estrogens for 1 year ðn ¼ 22Þ, and after a 1-year follow-up period ðn ¼ 12Þ. Results: Initial mean BMD was significantly lower than normal (22:1^0:8 S.D.) and less than 22.5 S.D. below normal in 38% of the women with AN. The estrogen-treated group had no significant change in BMD even after the follow-up period and partial recovery of weight. Estradiol and total IGF-I levels were significantly lower throughout the study. All subjects had normal thyroxine (T 4 ) and TSH levels and calcium metabolism. However, total tri-iodothyronine (T 3 ) was decreased in all anorexic subjects in the first and second study points and were within normal limits after the follow-up period. Conclusions: (1) Estrogen replacement alone cannot prevent progressive osteopenia in young women with AN. (2) Other factors, such as the loss of weight, the duration of the amenorrhea and the low levels of total insulin-like growth factor-I (IGF-I) could contribute to the loss of bone mass in women with this disorder.
Introduction
Prolonged amenorrhea is a complication present in the majority of patients with anorexia nervosa (AN) (1) . Osteoporosis is another important medical complication commonly associated with AN. Adolescence is a particularly critical time for bone mineral accretion, as more than half of the bone calcium is normally laid down during the teenage years. Hence, AN may result in profound deficits in bone mass which may not be fully reversible. The pathogenesis of osteoporosis in AN has not been completely characterized. While low body mass and amenorrhea are clearly important variables, other factors, such as low calcium intake, increased levels of glucocorticoids and insulin-like growth factor-I (IGF-I) deficiency (2) , may also be involved.
There is some published data on trabecular bone mineral density (BMD) in adult women with AN (3, 4) , but it is still unknown whether there is a progressive or permanent decline in bone mass. Although the role of estrogen replacement therapy in preventing bone loss in menopausal women has been clearly established, no studies have been carried out to determine whether it is beneficial in young women with premenopausal osteopenia.
The aim of this study was to determine whether oral estrogens improve BMD in anorexic patients with osteopenia.
Subjects and methods

Study protocol
We studied 38 amenorrheic women with AN, as defined by the DSM-IV criteria from the latest Diagnostic and Statistical Manual of Mental Disorders of the American Psychiatry Association (5) . The mean ages of the controls and patients with AN were 17:3^0:4 and 17:41 :5 years respectively. Every patient consulted the Division of Endocrinology of our hospital after the diagnosis of AN was made at the Division of Psychiatry of the same hospital. All normal subjects were referred to the Division of Endocrinology for suspected endocrine abnormalities and were found to be normal with a height and weight between 2 1 and +1 S.D. according to Spanish standards (6) . The study subjects were investigated at three different time points: T1 ¼ after a period of amenorrhea of at least 12 months ðn ¼ 38Þ, T2 ¼ after the administration of estrogens (50 mg of ethinyl estradiol) and gestagens (0.5 mg of norgestrel) during 1 year ðn ¼ 22Þ, and T3 ¼ after a follow-up period of 1 year ðn ¼ 12Þ. No patient had previously received treatment with estrogens. In all subjects amenorrhea occurred in close temporal association with the onset of anorexia. No patient had any other illness or was taking any medication known to affect bone mass, including thyroid hormones, anti-seizure medications or glucocorticoids. In addition, all of the patients had reached their target height when the diagnosis was made. All patients were scheduled for a complete history, including details regarding menstrual function, age of menarche, exercise, alcohol use, other medications and a physical examination. The body mass index (BMI) was calculated as weight (kg)/height (m) 2 . The BMI score was based upon normative data from Spanish women (6) . After the first visit, the patients received treatment with ethinyl estradiol (50 mg/day) and gestagens (0.5 mg norgestrel). Treatment compliance was evaluated every 3 months through clinical controls. All subjects were informed of the purpose of the study and gave consent as required by the local human ethics committee.
Hormone assays
A gonadotrophin-releasing hormone (GnRH) stimulation test was performed (100 mg i.v. Luforan) for the determination of follicle-stimulating hormone (FSH) and luteinizing hormone (LH). Blood samples were obtained at 2 30, 0, 30, 60, 90 and 120 min after the administration of GnRH. Serum FSH and LH measurements were performed by immonoradiometric assay (IRMA; Sorin, Biomédica, Vercelli, Italy). Serum estradiol levels were measured by RIA (Diagnostic Products Corporation, Los Angeles, CA, USA). Total IGF-I levels were determined by RIA (Nichols Laboratories, San Juan Capistrano, CA, USA) after acid -ethanol extraction of serum. Measurements of tri-iodothyronine (T 3 ), thyroxine (T 4 ) and thyrotrophin (TSH) were performed by using RIA. In these samples, serum levels of calcium, phosphate, tartrate-resistant acid phosphatase, parathyroid hormone (PTH) and osteocalcin were also measured. The calcium and phosphate were determined by an autoanalyzer Vitros 750 (Johnson & Johnson). Tartrate-resistant acid phosphatase measurements were performed by kinetic reaction inhibiting its activity by adding tartrate. The PTH and osteocalcin were performed by chemiluminescence (Imulite, DPC). Intraand interassay coefficients of variation were 2.75% and 3.5% for FSH, 2.75% and 3.17% for LH, 5.3% and 6.4% for estradiol, 4.9% and 8.9% for IGF-I, 4.8% and 6% for PTH, and 5.2% and 6.2% for osteocalcin.
BMD
BMD (g/cm
2 ) of the lumbar spine (L 2 -L 4 ) was measured by Dual-Energy X Ray Absorptiometry with a Lunar DPX-L-densitometer model at the three different points of the study. Z-score data (measured result -population mean/standard deviation) were calculated for all patients using normative data of a standard Spanish population of girls between 15 and 20 years old. The control group consisted of 14 women, Tanner V, of similar age, with regular menses and with no history of food disorders (7).
Statistical analysis
All data are reported as the mean^s:e:m: When only two experimental groups were compared, Student's test was applied. For more than two experimental groups, analysis was performed by a one-way ANOVA or ANOVA with repeated measures, followed by Scheffé's F test. Correlations were performed using simple regression analysis. P , 0:05 was chosen as the level of significance.
Results
Clinical and auxological data
Of the 38 women who entered the study, 22 completed the treatment. The secondary amenorrhea had a mean duration of 2^1 years. At the beginning of the study, the relationship between weight/height, expressed in S.D. of the BMI for age and sex, was 21:4^0:5 (Table 1 ) and the interval between menarche and the onset of the amenorrhea was 2:6^0:8 years.
Hormone studies
Basal and GnRH-stimulated FSH and LH levels were within the normal limits when compared with the corresponding control group of the same age and sex at the beginning of the follicular phase (FSH basal ¼ 5.7^3 mUI/ml; FSH peak ¼ 13^6 mUI=ml; LH basal ¼ 4:7^4 mUI=ml; LH peak ¼ 46^24 mUI=ml). Estradiol levels were significantly lower at all three time points of the study: T1 ¼ 28^15 pg=ml; T2 (after treatmentÞ ¼ 28^15 pg=ml; T3 ðfollow-upÞ ¼ 25^18 pg=ml (Table 2) . Serum IGF-I concentrations were significantly lower throughout the study (T1 ¼ 344^113 ng=ml; T2 ¼ 349^84 ng=ml; T3 ¼ 361^24 ng/ml) (Fig. 1) . All subjects had normal total T 4 and TSH levels (Table 2) ; however, total T 3 was decreased in all subjects during the first and second time periods of the study and were within normal limits after the follow-up period (T1 ¼ 0:8^0:2 ng=ml; T2 ¼ 0:9^0:1 ng=ml; T3 ¼ 1^0:1 ng=ml) (Fig. 2) .
Calcium, phosphate, tartrate-resistant acid phosphatase, PTH and osteocalcin levels were within the limits of normality at all three time points (Table 1) .
BMD
At the beginning of the study, the lumbar spine BMD mean was 22:1^0:8 (range: Fig. 3 ). There was no difference in the mean BMD of these 12 patients at any stage of the study. Of the 38 patients starting the study, 62% had a BMD between 2 1 S.D. and 2 2.5 S.D. and 38% had a BMD , 2 2.5 S.D. No significant correlation was found between the BMD and the duration of the amenorrhea, BMI, estradiol levels, calcium phosphate metabolites or IGF-I levels. However, a significant correlation was found between the BMD and T 3 levels (r ¼ 0:59, P , 0:01).
Discussion
In this prospective study of 38 young women with AN, we demonstrated a profound reduction in BMD. Thirtyeight percent of the patients had a BMD greater than 2.5 S.D. below normal, with 62% having a BMD between 2 1 and 2 2.5 S.D. for their age and sex according to the criteria of the World Health Organization (8) . The estrogen-treated group had no significant change in BMD even after the follow-up period and partial weight recovery. This report confirms the progressive loss of trabecular bone in adult women with chronic AN and prolonged amenorrhea. We found that, in contrast to the beneficial effects of estrogen during menopause, young women with AN have persistent osteopenia despite estrogen replacement. No further deterioration of the BMD appeared to take place. Unfortunately, we cannot evaluate this statistically due to the lack of an adequate control group of patients with AN of similar characteristics. Reduced bone mass in young women with AN has been clearly shown in several cross-sectional studies; however, few prospective data are available regarding the natural process of bone loss (3, 4, 9, 10). The more precocious the amenorrhea, the more severe the osteopenia and if menarche was never achieved the osteopenia is even more severe. Furthermore, the longer the period of amenorrhea the more severe the osteopenia. The long-term outcome of osteopenia in these patients is not well known. Rigotti et al. (11) , in a longitudinal study of 27 adult women with AN, found no improvement in the BMD after a period of 25 months, in spite of the fact that most of the patients gained weight and some even menstruated spontaneously. In 15 adolescents with AN followed during a period of 12 -16 months, Bachrach et al. (12) observed an increase in BMD in relationship to the weight increase. Nevertheless, at the end of the study, osteopenia persisted in approximately 50% of the patients. Although more studies are necessary to establish with clarity the factors involved in the evolution of osteopenia, the available data suggest that the recovery age could be one of the most important factors in predicting the long-term outcome of these patients (13) . This hypothesis would be in agreement with the physiological aspects of bone mass acquisition that suggest that there is a critical period after which the possibility of recovering bone mass could be very reduced.
The therapeutic potential of estrogens in treating osteopenia of patients with AN and extended amenorrhea is controversial (14) . Most studies indicate that the spontaneous recovery of menstruation is accompanied by a significant improvement in BMD. On the contrary, and in agreement with our findings, estrogen therapy does not seem to induce a meaningful recovery of the BMD (3, 4, 15) and several possibilities could explain this failure. One possibility is that the estrogen dose which is effective in treating postmenopausal women is inadequate in a younger population. Second, whether continued improvement in bone mass may be seen in patients treated for a longer period of time than the current study is unknown. A third and more likely explanation is that estrogen therapy alone cannot correct the multiple factors contributing to bone loss in women with AN. In addition to profound hypoestrogenism, nutritional and other hormonal variables have been implicated in the pathogenesis of bone loss (16) . These factors, including IGF-I deficiency, cortisol excess and decreased androgen production, are unaffected by estrogen administration and may have a continuing deleterious effect on bone mass (17) .
Nutritional factors are important in regulating the growth and mineralization of bone and provide the substances necessary for this process (18) . Other systemic hormones, including growth hormone (GH), growth factors such as IGF-I, insulin, thyroid hormones, androgens, estrogens and glucocorticoids, are also implicated (19) .
One of the most important agents in the regulation of skeletal growth and mineralization is IGF-I. Circulating IGF-I exerts both autocrine and paracrine functions (20) . Our patients had reduced IGF-I levels at all three time points of the study. The finding of low levels of IGF-I in patients with AN, as in other situations of malnutrition, has been widely described in the literature (21) . However, the pathophysiological mechanisms that mediate this phenomenon are only partially known (22) . Surprisingly, in spite of partial weight recovery a simultaneous recovery of IGF-I levels is not seen. It is possible that this recovery is insufficient in either time or extent to overcome the numerous mechanisms that are underway in these patients. Grinspoon et al. (23) subcutaneously administered recombinant IGF-I for 6 days to 23 women with AN who had a 54% decrease in BMD. This resulted in an increase of the markers of both bone production and resorption.
Alterations of the thyroid axis in malnutrition are controversial (24) . In our study, T 3 levels were low at the beginning of treatment, within the low limits of normality during 1 year of treatment and were normalized after the follow-up period. This could be involved in the loss of bone mass in this group of patients since thyroid hormones exert biological effects on the growth cartilage by stimulating mineralization of the matrix, as well as on the formation and reabsorption of bone (25) .
Insufficient nutrient intake inhibits the secretion of gonadotropins, preventing or delaying the onset of puberty. In addition to effecting low IGF-I levels, this results in a smaller growth spurt and a lower mineral deposit in the bone mass, as observed in these patients (26) . Sex steroids promote skeletal restoration, bone mineralization and the growth spurt. The effects of sex steroids on the acquisition of bone mass can be direct, as well as indirect through modulation of local growth factors, GH, IGF-I and 1-25-OH vitamin D (27) . Their influence on the acquisition and maintenance of the bone mass has been widely demonstrated in postmenopausal women. However, in patients with AN they do not seem to stimulate a significant increase in bone mass (28) . Other factors, such as low calcium intake and low levels of IGF-I, are most likely implicated and the presence of estrogens is necessary, but not sufficient, for adequate mineralization (29) . Recent studies suggest that the administration of other sex steroids, such as dehydroepiandrosterone (DHEA), most likely acting through aromatization to estrogen in peripheral tissues, could be used to treat these patients. Indeed, DHEA stimulates human osteoblast cell proliferation through the androgen receptor and preliminary findings suggest that DHEA has both anabolic and anti-osteolytic properties. Longitudinal studies are needed to determine the long-term biological actions of this agent, including its effects on bone mass (30) .
As we have previously demonstrated, leptin levels in patients with AN are significantly reduced, as might be expected in light of their dramatically reduced levels of body fat (31) . However, there was no significant correlation between BMI-SDS and leptin levels in these patients. Surprisingly, leptin levels did not rise significantly after recuperation of at least 10% of the original body mass (31) . Even those patients who achieved a BMI within the normal range did not exhibit significant increases in their leptin levels. One possible explanation may be that these patients must maintain a normal body weight for a longer period of time in order to return their leptin levels to normal. Another possibility is that total leptin levels in these patients do not rise significantly with partial weight recovery, but that the proportion of this protein in the free, or presumably biologically active fraction, does increase. These possibilities deserve further investigation.
In conclusion, our data demonstrate that despite its usefulness in perimenopausal women, estrogen and gestagen administration does not reverse the profound osteopenia seen in young women with AN. Trabecular bone loss is severe and may progress despite estrogen therapy. Other factors, such weight loss, duration of the amenorrhea and low IGF-I levels, could contribute to the loss of bone mass in women with AN. Future investigation is needed to address the effect of early intervention on preserving bone mass in this increasing population of young women.
